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Abstract. Large geomagnetic storms are associated with electron population changes in the 1 outer radiation belt and the slot region, often leading to significant increases in the relativistic 2 electron population. The increased population decays in part through the loss, i.e., precipitation 3 from the bounce loss cone, of highly energized electrons into the middle and upper atmosphere 4 (30-90 km). However, direct satellite observations of energetic electrons in the bounce loss 5 cone are very rare due to its small angular width. In this study we have analyzed ground-based 6 subionospheric radio wave observations of electrons from the bounce loss cone at L=3.2 during 7 and after a geomagnetic disturbance which occurred in September 2005. Relativistic electron 8 precipitation into the atmosphere leads to large changes in observed subionospheric amplitudes. 9 Satellite-observed energy spectra from the CRRES and DEMETER spacecraft were used as an 10 input to an ionospheric chemistry and subionospheric propagation model, describing the 11 ionospheric ionization modifications caused by precipitating electrons. We find that the peak 12 precipitated fluxes of >150 keV electrons into the atmosphere were 3500±300 el. cm -2 s -1 at 13 midday and 185±15 el. cm -2 s -1 at midnight. 14 For six days following the storm onset the midday precipitated fluxes are approximately 20 15 times larger than observed at midnight, consistent with observed day/night patterns of 16 plasmaspheric hiss intensities. The variation in DEMETER observed wave power at L=3.2 in 17 the plasmaspheric hiss frequency band shows similar time variation to that seen in the 18 precipitating particles. Consequently, plasmaspheric hiss with frequencies below ~500 Hz 19 appears to be the principal loss mechanism for energetic electrons in the inner zone of the outer 20 radiation belts during the non-storm time periods of this study, although off-equatorial chorus 21 waves could contribute when the plasmapause is L<3.0. The behavior of high energy electrons trapped in the Earth's Van Allen radiation belts has 1 been extensively studied, through both experimental and theoretical techniques. During quiet 2 times, energetic radiation belt electrons are distributed into two belts divided by the "electron 3 slot" at L~2. 5 . In the more than four decades since the discovery of the belts [Van Allen, 1997], 4 it has proved difficult to confirm the principal source and loss mechanisms that control 5 radiation belt particles [Walt, 1996] . It has been recognized for some time that the loss of 6 radiation belt electrons in the inner magnetosphere is probably dominated by both pitch angle 7 scattering in wave-particle interactions with whistler mode waves and Coulomb scattering. 8 Collisions with neutral atmospheric constituents are the dominant loss process for energetic 9 electrons (>100 keV) only in the inner-most parts of the radiation belts (L<1.3) [Walt, 1996] , as 10 demonstrated by the comparison of calculated decay rates with the observed loss of electrons 11 injected by the 1962 Starfish nuclear weapon test ( Figure 7 .3 of Walt [1994] ). For higher L-12 shells, radiation belt particle lifetimes are many orders of magnitude shorter than those 13 predicted from atmospheric collisions, such that other loss processes are clearly dominant. 14 Above L~1.5 Coulomb collision-driven losses are generally less important than those driven by 15 whistler mode waves, including plasmaspheric hiss, lightning-generated whistlers, and 16 manmade transmissions [Abel and Thorne, 1998 ]. The electron slot is believed to result from 17 enhanced electron loss rates occurring in this region. Much attention has been given to the role 18 of plasmaspheric hiss in maintaining the electron slot [Lyons and Williams, 1984] , although it 19 has been suggested that lightning generated whistlers may also be significant in this region 20 [e.g., Lauben et al., 2001] . Other calculations suggest that all 3 types of whistler mode waves 21 may play important roles in the loss of energetic electrons in the inner magnetosphere [Abel 22 and Thorne, 1998 ]. 23 Relatively small changes in the outflow of particles from the Sun can trigger geomagnetic 24 storms [Sharma et al., 2004] , which produce large changes in radiation belt populations. The new population of 2-6 MeV electrons observed during two injections into the slot region 22 at L≈2.5 decayed in an exponential manner, with e-folding lifetimes of 4.6 and 2.9 days. 23 However, due to the very large increases in the 2-6 MeV electron fluxes at L≈2.5 and the two 24 injections which occurred in this period, the fluxes in the slot did not return to normal until 3-4 25 5 weeks after the second injection . transmissions permit observers to study energetic particle precipitation from locations remote 12 from the actual precipitation region. 13 In this study we analyze ground-based measurements of ionospheric ionization changes 14 observed during and after a geomagnetic disturbance which occurred in September 2005. This 15 geomagnetic disturbance led to increases in the electron fluxes in the slot and inner edge of the 16 outer radiation belt. Our subionospheric radio wave observations show that while energetic 17 protons from a solar proton event strike the high-latitude polar atmosphere, there is also 18 relativistic electron precipitation occurring at L≈3. This highly energetic electron precipitation 19 leads to large changes in subionospheric amplitudes, for both day-and night-time conditions. the CME at the Earth. geomagnetic storm DEMETER shows that the electron fluxes in the drift loss cone increases by 15 a factor of ~1000 above ambient conditions, and a factor of 100 above the pre-storm flux 16 levels. The fluxes decay to within a factor of 5 of the ambient levels/noise floor over 14 days, 17 after which there is a large data-gap in the DEMETER data (several weeks). considering the atmospheric precipitation as outlined below. The power law fit is in the form of 16 
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-γE where γ=1.2×10 -3 keV -1 . The thin line in Figure 3 shows the comparison with the world, the agreement between the two provides strong evidence that this spectrum will provide 1 a reasonable description of that in the bounce loss cone precipitating into the atmosphere and 2 measured by our ground-based instruments. Based on Figure 3 we therefore make use of the electron density changes produced by particle precipitation is described in Section 4.0, which 20 also includes a full description of SIC. changes in the observed NAA amplitude at Cambridge, which will only be marginally impacted 13 by protons due to rigidity cutoffs [Störmer, 1930] , even taking into account the levels of 14 geomagnetic activity [Rodger et al., 2006] . This provides strong evidence for the precipitation 15 of energetic electrons from the radiation belts occurring at lower L-shells, with the path from 16 NAA to CAM dominated by the electron precipitation. 17 We therefore concentrate on the NAA observations from Cambridge, for which the great 18 circle path largely passes along the L=3.2 contour, and so is only likely to be affected by the 19 CRRES and DEMETER reported radiation belt flux enhancements described above. Additional 20 evidence for this comes from the NAA to CAM observed amplitudes in early September, which 21 indicate precipitation from the late August/early September geomagnetic storms. This is in 22 contrast with NAA to NYA, the received amplitudes of which agree well with the expected 23 undisturbed conditions. As shown in the lower panels of Figure 5 , the ionospheric forcing from 24 the energetic electron precipitation leads to a 2.4±0.3 dB increase in the amplitude of NAA 25 13 observed at Cambridge at midday, but a 14±1 dB decrease in the same quantity observed at 
Sodankylä Ion Chemistry model

14
In order to determine the impact of the energetic precipitation on the lower ionosphere, the 15 ionization rate must be combined with a chemistry model to determine the change in electron 16 number density. Figure 6 shows the impact of the CRRES-described precipitating electrons on Figure 6 shows the "ambient" electron number density profiles for midday and midnight 13 (lines with crosses), calculated by the SIC model with no particle precipitation on 13 14 September 2005 at the location (54°N, 35°W) marked on Figure 4 , i.e., the half-way point on 15 the NAA-CAM path. The SIC-calculated precipitation-modified electron number density 16 profiles presented in this figure (solid line) represent the stable equilibrium state for the 17 electron number density including the effect of a constant CRRES-described electron 18 precipitation source, with a stable state reached in <10 minutes after the precipitation starts. The energetic electron precipitation significantly alters the electron number density in Figure   1 6 over the altitude range of ~55-90 km, by 1.5-2 orders of magnitude at ~70 km. Note that this 2 reflects the significance of the precipitation, and not the limits of the 150-3000 keV energy 3 range. Precipitating 3 MeV electrons produce ionization rates which are largest at ~47 km 4 altitude, which due to the spectral roll-off in population have a minor effect as seen in Figure 6 . 5 In contrast, 150 keV electrons affect altitudes above about ~80 km. Taking the lower limit of 6 150 keV does not significantly alter the electron profiles; for example, taking the lower limit as 7 10 keV would lead to no change in Figure 6 for daytime conditions, and a very slight increase 8 in electron density for nighttime altitudes above 85 km (not shown), too small to make a 9 significant change in the VLF propagation conditions relative to the much more significant 10 electron density increases at lower altitudes. 
"Simple" ionospheric electron model
12
The full SIC model is somewhat too complex for exploring the most-likely precipitation flux 13 magnitudes with LWPC, as the computation time is relatively high. For this reason, we made use 14 of a considerably simpler model to describe the balance of electron number density in the lower 15 ionosphere, based on that given by Rodger et al. [1998] . In this model the evolution of the 16 electron density in time is governed by the equation simple model is shown in Figure 6 , where the simple model is shown as a dotted line with 6 circles. where T e is the electron temperature, while for altitudes of 80 km and below, Table 1 of that paper, and β 2 in equation (22) . In the modified expressions, 
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The attachment rate for daytime is best modeled by precipitation levels, although this should be confirmed by follow-on studies. The ICE instrument on the DEMETER spacecraft provides continuous measurements of the 22 power spectrum of one electric field component in the VLF band (Berthelier et al., 2006 ). September 2005 large plasmaspheric hiss wave power is present, but strong increases in 11 precipitating particle fluxes were not seen, despite the availability of particles in the radiation 12 belts (Figure 2 ). In the later case the large plasmaspheric hiss wave power present in the 13 daytime was not associated with a subionospherically-measured increase in precipitation 14 fluxes, perhaps because of a lack of particle availability. Nonetheless, this comparison provides 15 strong evidence that plasmaspheric hiss with frequencies below ~500 Hz is the primary driver 16 for the loss of energetic electrons in the inner zone of the outer radiation belts during the non-17 storm time periods of this study period. However we acknowledge that the driver that leads to 18 the differing precipitation fluxes we observe on the dayside and nightside is not wholly 19 resolved, and the examination of additional similar events will be necessary to confirm the 20 current study. circle path at L ≈ 3.0 is likely to be outside of the plasmapause, at least at certain local times. 21 During these intervals there could be a contribution from the off-equatorial (dayside) chorus 22 [e.g. Thus our transmitter-receiver GCP was inside the plasmapause during the storm time of mid-11 1 to mid-13 September when K p ≈6. At the non-storm times our transmitter-receiver GCP at L ≈ 2 3.0 will be inside the plasmasphere, and as such chorus will not play a role during these times. 3 The period of gradual decay occurring after 17 September 2005 seen in Figure 2 is thus most 4 likely due to plasmaspheric hiss, whereas the period of decay between 11 and 17 September 5 could be due to a combination of both hiss and chorus. 6 The time-varying observations of electron losses from the inner zone of the outer radiation 7 belts shown in Figure 8 will provide an important constraint to radiation belt electron undisturbed conditions (line with crosses) and due to forcing by energetic particle precipitation 22 
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(heavy line) for midday and midnight. The dotted line with circles shows the electron density 1 profile calculated using a simple electron density model described in the text.
2 Figure 7 . LWPC-modeled received amplitude changes for varying precipitation magnitudes. 3 The horizontal dotted lines indicate the peak experimentally observed amplitude differences. (heavy line) for midday and midnight. The dotted line with circles shows the electron density 1 profile calculated using a simple electron density model described in the text. The horizontal dotted lines indicate the peak experimentally observed amplitude differences. 
